Definition of sarcopenia
========================

The overall life expectancy of the human population is dramatically increasing worldwide, not only because of declining fertility and increasing longevity,[@b1-cia-13-913] but also as a result of improved life conditions and the availability of innovative treatments, especially for infectious and cardiovascular diseases (CVDs).[@b2-cia-13-913] Particularly in the USA, the population over ages 65 and 85 are expected to increase in 2030 by a percentage of 147% and 389%, respectively.[@b3-cia-13-913]

Aging is associated with a progressive loss of tissue and organ function over time.[@b4-cia-13-913] As the human body ages, the skeletal muscle mass declines annually by \~0.1%--0.5% starting from age 30, with a dramatic acceleration post age 65; this gradual decrease in muscle mass is accompanied by a simultaneous reduction of strength.[@b5-cia-13-913] This age-related loss of muscle mass and strength is often referred to as "sarcopenia".[@b6-cia-13-913] Although the term "sarcopenia" (from Greek *sarx*: flesh and *penia*: deficiency) was introduced for the first time by Rosenberg,[@b7-cia-13-913] there is still no widely accepted definition of this condition. However, a practical clinical definition was developed in 2009--2010 by the European Working Group on Sarcopenia in Older People (EWGSOP) that defined sarcopenia as "a syndrome characterized by progressive and generalized loss of skeletal muscle mass and strength with a risk of adverse outcomes such as physical disability, poor quality of life and death".[@b8-cia-13-913] In fact, sarcopenia is related to a series of significant economic and social implications, including disability, hospitalization, and death,[@b9-cia-13-913] evidenced the fact that, in 2000, the direct cost attributed to sarcopenia was 1.5% of the total health care expenditure.[@b2-cia-13-913] Thus, the aim of this review is to summarize the evidences currently available about the pathogenesis, appropriate assessment, and the possible treatment strategies of sarcopenia.

Pathogenesis of sarcopenia
--------------------------

Sarcopenia is considered a complex geriatric syndrome because of its multifactorial pathogenesis.[@b5-cia-13-913] Several age-related factors, such as neuromuscular degeneration, changes in muscle protein turnover, changes in hormone levels and sensitivity, chronic inflammation, oxidative stress, and behavior/lifestyle factors, are involved in the development of sarcopenia.[@b10-cia-13-913]

Neuromuscular degeneration
--------------------------

One of the most investigated mechanisms involved in the pathogenesis of sarcopenia is neuromuscular degeneration, characterized by the atrophy of muscle fibers (especially type II fibers \[fast\]), decreased number of alpha motor units from the spinal cord, and accumulation of fat within muscle.[@b11-cia-13-913] In particular, aging is characterized by a progressive and probably irreversible neuron loss, which also involves motor neurons, with the consequent denervation of muscle fibers that fail in contributing to muscle contraction.[@b12-cia-13-913] To counteract the functional decline deriving from this process, de-enervated fibers express proteins and produce chemotactic signals that stimulate the re-innervation by the expansion of residual motor units.[@b13-cia-13-913] However, with aging, this dynamic de-enervation--re-innervation cycle starts failing[@b14-cia-13-913] and there is considerable atrophy of muscle fibers, mainly type II (fast and glycolytic), with a gradual decrease in size/volume accompanied by a replacement of muscle by fat and connective tissue.[@b15-cia-13-913] This phenomenon may explain why the effects of sarcopenia are generally more evident in anti-gravitary muscle groups of the lower limbs (\~15%) than in the upper limbs (\~10%) for both men and women.[@b16-cia-13-913] Moreover, age-related neuromuscular dysfunction is characterized by an impairment of Schwann cells, such as increased fragmentation, damage, or denervation, which may also contribute to ineffective re-innervation of muscle fibers.[@b11-cia-13-913] In greater detail, because neuromuscular junctions (NMJs) -- the synaptic interface between a branch of a motor neuron and muscle cells -- are involved in the transduction of muscle action potentials, they play a key role in the neuromuscular impairment that occurs with aging and their dysfunction seems to be largely associated with sarcopenia,[@b11-cia-13-913] leading to neuromuscular fatigue during exercise and an age-related reduced response to physical training.[@b17-cia-13-913] The NMJ is composed of three elements: presynaptic (motor nerve terminal), intrasynaptic (synaptic basal lamina), and postsynaptic (muscle fiber and muscle membrane) components.[@b18-cia-13-913] With aging, both the nerve terminal area and the number of postsynaptic folds are reduced, thereby leading to a functional impairment in the postsynaptic response of the NMJ.[@b11-cia-13-913] The mitochondria in NMJs are numerically reduced and tend to show signs of degeneration (ie, cristae disruption, swelling, formation of megamitochondria due to multiple fusions between adjacent mitochondria),[@b19-cia-13-913] leading to high levels of oxidative damage, decreased number of synaptic vesicles, and lower quantities of neurotransmitter release during depolarization.[@b11-cia-13-913]

Changes in muscle protein turnover
----------------------------------

Muscle mass is determined by the balance between protein synthesis and breakdown.[@b2-cia-13-913] The best-defined anabolic pathway leading to protein synthesis in muscle involves the serine/threonine kinase Akt/protein kinase B (PKB), the mammalian target of rapamycin (mTOR), hormones such as insulin-like growth factor-1 (IGF-1) and insulin, as well as branched-chain amino acids (eg, leucine, valine, isoleucine) and exercise.[@b20-cia-13-913] In particular, the kinase mTOR interacts with several proteins to form two complexes: mTOR complex 1 (mTORC1; containing raptor) and mTOR complex 2 (mTORC2; containing rictor).[@b21-cia-13-913] mTORC1 has a major role in mediating the effect of mTOR on protein synthesis.[@b22-cia-13-913] Although the mechanism of control of protein synthesis by mTOR is not completely understood, mTORC1 seems to promote protein synthesis by inhibiting the eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) and activating p70 S6 kinase 1 (p70^s6k^).[@b21-cia-13-913] mTOR can be activated by several stimuli (ie, IGF-1, insulin, amino acids, and exercise).[@b23-cia-13-913] In further detail, when IGF-1 and insulin bind to tyrosine kinase receptors, they induce the phosphorylation of the receptor itself and of several substrates, thus leading to the activation of mTOR through the activation of phosphatidylinositol 3-kinase (PI3K) and its downstream effector Akt/PKB.[@b24-cia-13-913] At the same time, Akt/PKB can promote the suppression of apoptosis and protein degradation in skeletal muscle through the phosphorylation of FOXO1 transcription factors, thereby inhibiting the expression of the E3 ubiquitin ligases atrogin-1 and muscle RING-finger protein-1 (MuRF-1).[@b25-cia-13-913] The mechanisms by which branched-chain amino acids -- which are particularly effective anabolic agents -- stimulate mTOR is not fully understood, but they do not require activation of PKB.[@b26-cia-13-913] Several hypotheses have been proposed to explain this phenomenon. Amino acids could directly activate mTOR, or indirectly activate it by stimulating a protein kinase different from PKB. Moreover, they could inhibit a protein phosphatase (ie, protein phosphatase 2A) or interact with proteins associated with mTOR (ie, raptor).[@b23-cia-13-913] Further, acute resistance exercise is known to increase skeletal muscle protein synthesis by directly activating mTOR or indirectly activating it via Akt/PKB.[@b27-cia-13-913] Few studies evaluating age-related changes of protein synthesis pathways in humans have been conducted; however, taken together, they show an aging-related decline in Akt/PKB-mTOR signaling and protein synthesis that contributes to sarcopenia.[@b28-cia-13-913] The breakdown of muscle protein involves the activation of the ubiquitin proteasome pathway by transforming growth factor β (TGFβ) and myostatin -- a member of the TGFβ superfamily of cytokines.[@b2-cia-13-913] Both myostatin and TGF-β are potent inducers of muscle atrophy. They are held in an inactive form in the muscle extracellular matrix and, when activated, stimulate Smad2/3 and TAK1/p38 MAPK.[@b28-cia-13-913] Smad2/3 are transcription factors that bind DNA and directly regulate the expression of target genes, whereas p38 MAPK does not directly bind DNA, but regulates the activity of various transcription factors to control gene expression.[@b21-cia-13-913] In particular, Smad2/3 and p38 MAPK induce the synthesis of atrogin-1 and MuRF-1 -- E3 ubiquitin ligases expressed in skeletal muscle that direct the polyubiquitination of proteins to target them for proteolysis by the 26S proteasome, leading to muscle atrophy.[@b28-cia-13-913] Moreover, myostatin signaling can inhibit the PI3K--Akt axis and reduce p70^s6k^ activation.[@b29-cia-13-913] Studies evaluating age-related changes of protein-degradation pathways in humans have shown increased serum levels of TGFβ and intramuscular levels of myostatin, but without differences in the expression of the E3 ubiquitin ligases atrogin-1 and MuRF-1.[@b30-cia-13-913] Although it could be difficult to draw a definitive conclusion, these results suggest that the ubiquitin proteasome system likely contributes to sarcopenia in humans.[@b28-cia-13-913]

Alterations in hormone levels and sensitivity
---------------------------------------------

Many hormones have metabolic effects on muscle mass and function.[@b31-cia-13-913] Sarcopenia is characterized by a variable decline of several hormones, especially sex hormones (eg, testosterone and dehydroepiandrosterone \[DHEA\]), growth hormone (GH), and IGF-1.[@b5-cia-13-913] GH/IGF-1 levels are frequently reduced in elderly people and lead to changes in body composition, such as increased visceral fat as well as decreased lean body mass (LBM) and bone mineral density.[@b32-cia-13-913] However, the attempt to treat sarcopenic patients with GH injections did not result in an increased muscle strength but only in frequent side effects,[@b33-cia-13-913] although it has been demonstrated that systemic IGF-1 administration increases the rate of skeletal muscle functional recovery after injury.[@b34-cia-13-913] In addition, aging is associated with low testosterone levels, which may induce a decrease in muscle mass and bone strength, leading to more fractures and complications.[@b32-cia-13-913] Moreover, increasing age has been associated with elevated cortisol levels -- a condition referred to as hypercortisolism. An increased exposure to corticosteroids -- together with the reduction of the lipolytic effects of declining GH levels -- may contribute to the age-dependent increase of visceral fat and decreased LBM and bone mineral density.[@b35-cia-13-913] Moreover, low levels of blood vitamin D are associated with decreased muscle strength seen in both sarcopenia and low physical activity.[@b32-cia-13-913] Finally, elderly skeletal muscle is resistant to the anabolic action of insulin.[@b36-cia-13-913] Insulin resistance is a multifactorial condition wherein aging, obesity, and inflammation play a pivotal role: these conditions are linked to each other because aging is associated with a chronic inflammatory state, and obesity, superimposed on aging, drastically increases this chronic low-grade inflammation, thus contributing to insulin resistance and age-related conditions such as sarcopenia.[@b37-cia-13-913]

Moreover, insulin resistance is part of a phenomenon known as anabolic resistance that leads to loss of skeletal muscle, which is the largest insulin-responsive target tissue, contributing to the exacerbation of insulin resistance itself.[@b32-cia-13-913] As mentioned earlier, sarcopenia mainly affects the skeletal muscles of the lower limbs;[@b16-cia-13-913] these findings are important to understand and prevent the effects of sarcope-nia not only on quality of life and physical disabilities, but also on glucose homeostasis. In fact, an interesting study has shown higher glucose clearance in the arm than in the leg muscles and higher insulin resistance in the lower limb muscles of patients with type 2 diabetes (T2D).[@b38-cia-13-913] This phenomenon may be explained by the differences in the density of glucose transporter type 4 (GLUT4) in muscle fibers: in fact, in healthy individuals, GLUT4 has higher expression in slow than in fast muscle fibers, whereas, in T2D, GLUT4 has higher expression in fast, compared with slow, fibers.[@b39-cia-13-913],[@b40-cia-13-913] Given the higher proportion of fast type II muscle fibers in the upper body, this can explain the preserved glucose uptake and insulin sensitivity in the arm muscles in T2D.[@b38-cia-13-913] Because physical inactivity is one of the major risk factors in developing insulin resistance, it may be hypothesized that, through evolution, the upper body muscles have adapted to be less dependent on muscle usage.[@b38-cia-13-913] Finally, the difference between upper and lower body muscles could be explained by the lower vasodilator response to insulin in the legs as compared to the arms, with reduced recruitment of nutritive capillaries and, consequently, reduced glucose clearance.[@b41-cia-13-913] These differences between the upper and lower limbs are confirmed by the development of atherosclerosis, which is more prevalent and severe in the legs.[@b38-cia-13-913] Thus, further investigations are needed to explain these regional differences in insulin sensitivity and development of insulin resistance that exist in skeletal muscles of the human body.

Inflammatory state and oxidative stress
---------------------------------------

Aging is associated with a significant rise in serum levels of inflammatory markers, such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6, IL-1, and C-reactive protein (CRP).[@b32-cia-13-913] This state of chronic, low-grade, systemic inflammation in aging in the absence of infection is referred to as "inflammaging".[@b42-cia-13-913] This condition is suggested to predispose to sarcopenia through the activation of the ubiquitin--protease system, the reduction of the anabolic effect mediated by IGF-1, and the induction of anabolic resistance, which is one of the main determinants of sarcopenia.[@b43-cia-13-913] Specifically, anabolic resistance is the resistance of muscle protein anabolism to food intake.[@b44-cia-13-913] In physiological conditions, oral feeding leads to an increase in whole-body protein synthesis and a decrease in proteolysis, especially with regard to the anabolic effects exerted by amino acids and insulin.[@b45-cia-13-913] Sarcopenia and other muscle-wasting conditions are characterized, as discussed earlier, by an increase in catabolic factors (ie, cortisol, cytokines, and oxidative stress), which have potentially negative effects on amino acids or insulin signaling pathways involved in the stimulation of muscle anabolism after food intake, leading to an increased muscle "anabolic threshold".[@b46-cia-13-913] Moreover, aging is characterized by a chronic oxidative stress, which induces the consequent activation of the immune system and leads to an inflammatory state that creates a vicious circle wherein chronic oxidative stress and inflammation feed each other.[@b47-cia-13-913] Given the close relationship between inflammation, aging, and oxidative stress, the "oxi-inflamm-aging" theory of aging has been proposed.[@b48-cia-13-913] Skeletal muscles consume great quantities of oxygen, leading to a proportional generation of reactive species of nitrogen and oxygen (RONS), which is counteracted by the antioxidant system.[@b49-cia-13-913] Oxidative stress is thought to be a common determinant of sarcopenia, as shown by the increased RONS production in muscles, which can be explained by several mechanisms: the mitochondrial dysfunction caused by age-related mitochondrial DNA mutations, deletions, and damage; the impaired ability of muscle cells to remove dysfunctional mitochondria, which contributes to RONS production itself; and the decline in type II fibers, whose number of mitochondria is lower than in type I fibers.[@b50-cia-13-913] The increased production of RONS in skeletal muscle contributes to the pathogenesis of sarcopenia at different levels. In particular, RONS contributes to sarcopenia by increasing proteolysis and decreasing muscle protein synthesis, leading to a reduction in the muscle mass.[@b51-cia-13-913] A large number of studies have suggested the role of RONS in the reduction of the activity and/or sensitivity of the anabolic signaling pathway mediated by IGF-1, probably because of increased levels of TNF-α.[@b52-cia-13-913] Moreover, forkhead transcription factors are a large family of proteins characterized by a conserved DNA-binding domain termed the "forkhead box" (FOXO) and FOXO1 inhibits the function of anabolic pathways in skeletal muscle via increased expression and reduced phosphorylation of the translational repressor protein 4E-BP1 and reduction in mTOR and raptor levels.[@b53-cia-13-913] Forkhead transcription factors are known to be aging-related transcription factors that are redox-regulated; thus, increased levels of these transcription factors are found in aged muscle and are associated with increased levels of atrogin-1 and MuRF-1 that lead to high rates of proteolysis.[@b52-cia-13-913] Finally, other mechanisms involved in RONS-mediated sarcopenia act at the NMJ: reduction of acetylcholine release at the synaptic cleft, leading to a failure in the generation of an action potential by the sarcolemma; reduction in the innervation and number of fibers of the NMJ itself; impairment of excitation--contraction coupling, leading to a lower release of calcium from the sarcoplasmic reticulum; and structural changes in actin and myosin structures reducing the cross-bridge cycling within the myofibrillar apparatus.[@b54-cia-13-913]

Behavioral factors
------------------

Behavioral factors, such as nutritional status and physical inactivity, are very important reversible causes of sarcopenia.[@b55-cia-13-913]

Reduction in appetite and/or food intake is commonly observed with aging and is referred to as anorexia of aging.[@b56-cia-13-913] This phenomenon is a result of age-related loss of appetite, sense of taste and smell, poor oral health, gastrointestinal changes (ie, delay in gastric emptying and elevated cholecystokinin levels), dementia, depression, disability, and social environment.[@b55-cia-13-913] Moreover, a decrease in neuropeptide Y (NPY) levels and function in the central nervous system as well as nitric oxide activity seems to play a key role in the anorexia of aging.[@b57-cia-13-913] This decline in food intake -- and in protein consumption, in particular -- contributes to muscle atrophy and to the severity of sarcopenia.[@b56-cia-13-913]

At the same time, it is widely known that physical inactivity, such as due to bed rest during illness or the usual sedentary lifestyle, promotes the loss of muscle mass and strength, thereby worsening the degree of sarcopenia.[@b58-cia-13-913] In this regard, the Physical Activity Scale for the Elderly (PASE) is a self-reported tool to assess the routinely amount of occupational, home, and leisure physical activity for elderly people.[@b59-cia-13-913] A recent report on the relationship between sarcopenia and the PASE score in community-dwelling older adults showed that the PASE score is significantly lower in sarcopenic elderly subjects and is strictly related to low muscle mass and strength.[@b60-cia-13-913]

Diagnosis of sarcopenia
-----------------------

According to the operational definition by the EWGSOP, the diagnosis of sarcopenia requires the presence of both low muscle mass and low muscle function, which can be defined by low muscle strength or low physical performance ([Figure 1](#f1-cia-13-913){ref-type="fig"}).[@b61-cia-13-913] In clinical practice, muscle strength can be evaluated by handgrip strength that is measured with a handheld dynamometer, whereas physical performance can be evaluated by usual gait speed and/or Short Physical Performance Battery (SPPB), which evaluates: the ability to stand with the feet together in side-by-side, semi-tandem, and tandem positions; time to walk 8 feet (\~2.44 m); and time to rise from a chair and return to the seated position five times.[@b61-cia-13-913],[@b62-cia-13-913] In presence of low muscle function, defined by a gait speed \<0.8 m/s and/or a grip strength \<26--30 kg for men and \<16--20 kg for women, the diagnosis needs confirmation by muscle mass measurement.[@b61-cia-13-913] Muscle mass evaluation remains the main problem of a diagnosis of sarcopenia.[@b5-cia-13-913] Although dual energy X-ray absorptiometry (DEXA)[@b63-cia-13-913] and bioelectrical impedance analysis (BIA)[@b64-cia-13-913] are largely utilized for the assessment of skeletal muscle mass, MRI and computed tomography (CT) represent the gold standard and the most accurate imaging methods to provide not only an exact measurement of the mass of a muscle, but also important data on its density and fatty infiltration.[@b65-cia-13-913] Furthermore, skeletal muscle ultrasound (M-US) has been proposed for screening and diagnosing of sarcopenia in elderly individuals, although the current definitions of sarcopenia do not include it in diagnostic algorithms.[@b61-cia-13-913],[@b66-cia-13-913] A recent review of the literature about the role of M-US for detecting muscle mass loss in older individuals, has shown strengths and limitations of this technique.[@b67-cia-13-913] The main limitation is the absence of a standardized method of conducting the M-US: the type of ultrasonographic probe employed (linear or convex);[@b68-cia-13-913] the anatomic sites of measurement (lower or upper limb, abdomen);[@b67-cia-13-913] the position of patients during examinations (supine, prone, or standing in a rest position);[@b69-cia-13-913] the need for patients' collaboration to maintain a fixed posture during examination, which can be an important limitation for patients with mobility-disability or cognitive impairment;[@b67-cia-13-913] the position, pressure, and inclination of the probe;[@b68-cia-13-913] and the type of parameters obtained (muscle thickness, cross-sectional area, fascicle length, pennation angle, and echo intensity).[@b67-cia-13-913] However, in none of the available studies were these parameters assessed together in the same individuals. Because simple, reproducible, and cost-effective techniques are needed for the early diagnosis of sarcopenia in older patients in everyday clinical practice, further investigations are needed to standardize this diagnostic technique before its use can be recommended in clinical practice although M-US has requisite characteristics to become a reference method for this evaluation.

Low muscle mass measured by DEXA is defined in the presence of a skeletal muscle mass index (SMI), defined as appendicular skeletal muscle mass (ASM)/height[@b2-cia-13-913] (kg/m^2^), ≤7.26 kg/m^2^ for men and ≤5.5 kg/m^2^ for women.[@b61-cia-13-913] Muscle mass measured by BIA is calculated using the Janssen BIA equation: $$\begin{matrix}
{\text{Skeletal}\ \text{muscle}\ \text{mass}\ (\text{kg}) = \lbrack\text{Height}^{2}/\text{BIA}\ \text{resistance}\  \times \ 0.401\rbrack} \\
{+ \lbrack\text{gender}\  \times \ 3.825\rbrack + \lbrack\text{age}\  \times \ ( - 0.71)\rbrack + 5.102} \\
\end{matrix}$$where height is measured in centimeters; BIA resistance is measured in ohms; for gender, men = 1 and women = 0; and age is measured in years.[@b9-cia-13-913] Starting from skeletal muscle mass, SMI = (skeletal muscle mass/body mass) ×100; low muscle mass is defined by a SMI ≤8.87 kg/m^2^ for men and ≤6.42 kg/m^2^ for women.[@b61-cia-13-913]

Moreover, in clinical practice, sarcopenia can be divided into "primary" and "secondary" types: it is defined as "primary" (or age-related) when no other cause can be identified except aging itself. Conversely, given the multifactorial pathogenesis of sarcopenia, it can be defined as "secondary" when one or more causes can be identified. Thus, we can distinguish: "activity-related sarcopenia", deriving from immobilization or sedentary lifestyle; "disease-related sarcopenia", associated with advanced organ failure, inflammatory disease, malignancy, or endocrine disease; and "nutrition-related sarcopenia", related to malnutrition, malabsorption, or gastrointestinal disorders.[@b61-cia-13-913] Furthermore, in clinical practice, sarcopenia staging can be useful to guide the clinical management of the condition according to the severity. The EWGSOP identifies three stages: "Presarcopenia": characterized by low muscle mass and normal muscle strength or physical performance;"Sarcopenia": characterized by both low muscle mass and low muscle strength or physical performance; and"Severe sarcopenia": characterized by low muscle mass, low muscle strength, and low physical performance.[@b61-cia-13-913]

Finally, according to the EWGSOP diagnostic criteria of sarcopenia, the pathophysiological mechanisms involved in its pathogenesis remain unexplored.[@b5-cia-13-913] In fact, the emerging priority has been to identify potential biomarkers for early detection of patients at risk for sarcopenia. The lack of a univocal definition for sarcopenia and its complex underlying pathophysiology make the development of bio-markers for this condition extremely challenging.[@b70-cia-13-913] Thus, in order to make a correct assessment of elderly patient with sarcopenia, biomarkers for each pathophysiological pathway have been identified, as shown in [Table 1](#t1-cia-13-913){ref-type="table"}, and they can be divided into: -- Markers of NMJ degeneration such as C-terminal again fragment (CAF), deriving from the inactivation of the agrin -- a protein synthesized by motoneurons -- with a consequent destabilization of the receptor for acetylcholine.[@b5-cia-13-913] In particular, circulating levels of CAF are much higher in sarcopenic subjects and are related to neuromuscular fatigue and loss of appendicular lean mass.[@b71-cia-13-913]-- Markers of endocrine dysfunction include hormones involved in the regulation of muscle mass such as testosterone, DHEA, and the GH--IGF-1 axis.[@b5-cia-13-913]-- Growth factors involved in muscle growth regulation, such as myostatin (MYO), activine A and B, growth differentiation factor-15 (GDF-15), bone morphogenetic proteins (BMPs), members of TGF-β family;[@b72-cia-13-913]--[@b76-cia-13-913] TGF-β itself;[@b76-cia-13-913] follistatin (FST; the main inhibitor of MYO),[@b77-cia-13-913] and brain-derived neurotrophic factor (BDNF);[@b78-cia-13-913]-- Markers of muscle protein turnover including neoepitopes, such as sarcomeric proteins (actin, myosin, troponin, and tropomyosin) and extracellular matrix proteins as well as type VI collagen N-terminal globular domain epitope (IC6), MMP-generated degradation fragment of collagen 6 (C6M), N-terminal peptide (P3NP);[@b79-cia-13-913],[@b80-cia-13-913] 3-methylhistidine (3MH), skeletal muscle-specific isoform of troponin T (sTnT), and creatinine.[@b5-cia-13-913]-- Markers of physical inactivity such as complement protein C1q, hemoglobin, albumin, selenium, leptin, uric acid, magnesium, and vitamin D.[@b81-cia-13-913]--[@b88-cia-13-913]-- Markers of inflammation and oxidative stress: IL-6, IL-1, TNF-α, butyryl-cholinesterase (b-CHE), oxidized low density lipoprotein (OxLDL), and vitamins C and E.[@b89-cia-13-913]--[@b93-cia-13-913]

Although the levels of these current available biomarkers are altered during sarcopenia, given their lack of specificity and sensitivity, they cannot be used alone for the diagnosis of sarcopenia. Moreover, these biomarkers are only able to capture single aspects of this condition and are weakly associated with clinically meaningful aspects.[@b70-cia-13-913] Nevertheless, the adoption of a multidimensional approach -- wherein the diagnosis of sarcopenia according to the EWGSOP criteria is supported by the routine assessment of these biomarkers -- could help to identify the different domains affected by this syndrome and, consequently, allow a personalized follow-up to evaluate the effectiveness of prevention and treatment measures.[@b5-cia-13-913],[@b70-cia-13-913]

Frailty and sarcopenia: an intriguing relationship
--------------------------------------------------

Different criteria have been validated to identify frail older subjects, which mainly refer to two conceptual models: the cumulative deficit approach proposed by Rockwood and Mitnitski[@b94-cia-13-913] and the "Frailty phenotype" proposed by Fried et al.[@b95-cia-13-913] Both models have received empirical validation. Actually, the frailty proposed by Rockwood is defined as "multidimensional frailty" and is characterized by four domains (physical, mental, nutritional, and socioeconomic).[@b96-cia-13-913] Nevertheless, the "Frailty phenotype" is surely the most widely used and presents a better characterized pathophysiological background; it is particularly useful for the clinical screening of "physical frailty" (PF) in the context of preventive interventions.[@b97-cia-13-913] According to Fried's criteria, a phenotype of frailty is identified by the presence of three or more of the following components: Shrinking: unintentional weight loss of ≥4.5 kg in the preceding year or, at follow-up, loss of ≥5% of body weight from that in the previous year (by direct measurement of weight);Weakness: grip strength value, adjusted for gender and body mass index;Poor endurance and energy: as indicated by self-reported exhaustion, identified by two items derived from the CES-D scale ("I felt that everything I did was an effort"; "I could not get going");[@b98-cia-13-913]Slowness: based on time to walk 4 m, adjusted for gender and standing height;Low physical activity level: a score of kilocalories expended per week (males: \<383 kcals/week; females: 270 kcals/week).[@b95-cia-13-913]

The PF depicted by the "Frailty phenotype" has been shown to be predictive of major negative health-related outcomes, including mobility-disability, disability for activities of daily living, institutionalization, and mortality.[@b97-cia-13-913] At the same time, it cannot be ignored that the PF presents substantial overlaps with sarcopenia. In fact, many of the adverse outcomes of frailty are probably mediated by sarcopenia, which may be considered the biological substrate for the development of PF and related negative health outcomes ([Figure 2](#f2-cia-13-913){ref-type="fig"}). Although PF encompasses only a part of the frailty spectrum, the identification of a definite biological basis (ie, sarcopenia) opens new views for the development of interventions to slow or reverse the progression of this condition.[@b99-cia-13-913]

Therapeutic approaches
----------------------

Sarcopenia is an important geriatric syndrome which increases the risk of negative consequences such as physical disability, poor quality of life, and death, especially in institutional-ized elderly residents of nursing homes.[@b100-cia-13-913],[@b101-cia-13-913] In particular, a recent systematic review to assess the consequences of sarcopenia reported approximately six different types of adverse outcomes: mortality, functional decline, falls, fracture, length of hospital stay, and hospitalization.[@b102-cia-13-913] Moreover, because sarcopenia can be assessed objectively and predicts frailty, poor quality of life, and mortality,[@b96-cia-13-913] it could be used as a predictor of these adverse health outcomes and as a therapeutic target in the elderly with regard to prevention.[@b103-cia-13-913]

According to the pathophysiological factors involved in the pathogenesis of sarcopenia, we can identify different treatment strategies that are summarized in [Figure 3](#f3-cia-13-913){ref-type="fig"} and are mainly aimed to correct behavioral and endocrine causes.

Exercise
--------

As mentioned earlier, physical inactivity and disease -- both highly prevalent in the elderly -- are the main contributors to the decline of muscle mass and function.[@b104-cia-13-913] Both resistance and aerobic training have been shown to increase muscle strength and improve physical function.[@b2-cia-13-913] In particular, in the early 1990s, a series of innovative studies established the role of progressive resistance exercise training (PRT) in increasing muscle strength, muscle size, and functional capacity in the elderly.[@b105-cia-13-913],[@b106-cia-13-913] In PRT, subjects exercise their muscles against an increasing external force, and this is undertaken at least 2--3 times a week for 8--12 weeks and the duration of sessions and number of exercises increases gradually over time based on each individual's capability and improvement.[@b2-cia-13-913] In 1990, Fiatarone et al established the efficacy of PRT in improving muscle mass, muscle strength, and gait speed.[@b105-cia-13-913] In 2009, a Cochrane review on 121 trials concluded that PRT improves muscle strength as well as physical performance, including gait speed and getting up from a chair. So far, no other treatment proposed and investigated for the prevention and improvement of sarcopenia has shown better results than PRT.[@b2-cia-13-913] Accordingly, PRT should be considered a first-line treatment strategy for managing and preventing sarcopenia and its adverse health outcomes. Nevertheless, the implementation of PRT in community-dwelling elderly patients is still underused because it requires trained therapists and special equipment that are not routinely available.[@b2-cia-13-913]

Nutrition
---------

There is no doubt that malnutrition is involved in the pathogenesis of sarcopenia, and that it contributes to the poor muscle function observed in many older adults, particularly in frail elderly patients.[@b104-cia-13-913] Food intake declines progressively between 20 and 80 years by \~1.300 and 600 kcal in men and women, respectively,[@b107-cia-13-913] because of several age-related conditions, including masticatory disability, drugs, physiological anorexia, and changes in eating habits with a predilection for energy-dilute foods, such as grains, vegetables, and fruits, in place of energy-dense carbohydrates and protein-rich nutrients.[@b70-cia-13-913] As a consequence of these factors, the prevalence of malnutrition ranges from 5% to 20% in community-dwelling older adults and exceeds 60% in the institutionalized elderly.[@b108-cia-13-913] These findings have led to the proposition of nutritional interventions based on the delivery of an adequate energy supply (ie, 24--36 kcal/kg/day) and on the supplementation of specific nutrients as effective treatment in preventing and/or reversing sarcopenia.[@b74-cia-13-913] The main nutritional strategies proposed for the treatment of sarcopenia include: -- Increased protein intakeAn increase in protein intake above 0.8 g/kg/day, specifically a daily protein intake of 1.0 g/kg, has been identified as the minimum amount required to maintain muscle mass in old age.[@b109-cia-13-913],[@b110-cia-13-913] Increased protein intake may enhance muscle mass and function.[@b111-cia-13-913] Moreover, the amino acid composition of dietary proteins influences the metabolism of muscle protein. In fact, as mentioned earlier, essential amino acids are the primary stimulus for protein synthesis. Thus, elderly patients should be recommended to consume protein sources containing a relatively high proportion of amino acids -- the so-called high-quality proteins.[@b112-cia-13-913] In particular, there are some evidences for synergistic effects of exercise and protein to enhance muscle function.[@b111-cia-13-913]-- Vitamin D supplementationSerum levels of vitamin D decline with aging and approximately over one billion people worldwide have vitamin D deficiency or insufficiency.[@b113-cia-13-913] Moreover, vitamin D influences muscle metabolism and tropism and its deficiency is related to sarcopenia.[@b112-cia-13-913] Evidences about the utility of supplementation with calcium and vitamin D are still controversial. A 2009 meta-analysis showed a 19% risk reduction in falls in elderly people taking at least 700 IU supplemental vitamin D per day.[@b114-cia-13-913] Based on these findings, it is currently recommended to measure serum levels of 25-hydroxy vitamin D in all sarcopenic patients and to prescribe vitamin D supplements (800 IU \[20 μg\]/day) to those with values lower than 100 nmol/L (40 ng/mL).[@b112-cia-13-913]-- Creatine monohydrateCreatine (Cr) monohydrate has emerged as an efficient nutritional supplement capable of improving muscle mass and performance in older adults when combined with resistance exercise.[@b112-cia-13-913] Therefore, short-term Cr supplementation (5--20 g/day of Cr monohydrate for 2 weeks) may be advisable in older persons engaged in strength-training programs.[@b115-cia-13-913]-- AntioxidantsAccording to the "oxi-inflamm-aging" theory of aging[@b48-cia-13-913] and the involvement of oxidative stress in the pathogenesis of sarcopenia, the administration of antioxidative agents (ie, selenium, vitamin E, and vitamin C) has been proposed for the management of sarcopenia.[@b112-cia-13-913] In the InCHIANTI study -- a population-based study of older persons living in the Chianti geographic area (Tuscany, Italy) -- higher plasma levels of antioxidants were associated with a lower risk of developing disability and declining muscle strength.[@b93-cia-13-913] Unfortunately, redox physiology is not as clear as it appears. In fact, commonly prescribed antioxidants (ie, selenium, vitamin A, vitamin C, vitamin E, and β-carotene) may paradoxically behave as potent pro-oxidants to increase the risk of mortality.[@b116-cia-13-913]-- Other nutritional strategiesSeveral novel dietary candidates and nutrition strategies against sarcopenia have been proposed and need further investigations: β-hydroxy β-methylbutyrate (HMB): a metabolite of leucine that is receiving increasing attention as a potential nutritional aid against sarcopenia.[@b117-cia-13-913]Ornithine α-ketoglutarate (OKG): the precursor of several amino acids (ie, glutamate, glutamine, arginine, and pro-line) and of other bioactive compounds (ie, polyamines, citrulline, α-ketoisocaproate, and nitric oxide) that are important modulators of muscle protein metabolism and hemodynamics.[@b112-cia-13-913]Omega-3 fatty acids: polyunsaturated fatty acids (PUFAs), which have been showed to improve muscle protein synthesis and grip strength,[@b118-cia-13-913],[@b119-cia-13-913] suggesting that an adequate intake of omega-3 fatty acids could represent an effective nutritional remedy for sarcopenia.Caloric restriction (CR) and regular physical exercise exert beneficial effects on overall health and muscle homeostasis in advanced age.[@b120-cia-13-913] However, long-term CR could induce a weight loss that may be harmful in non-obese elderly, thereby accelerating muscle loss and increasing the risk of disability and mortality.[@b121-cia-13-913] Recent studies have detected bioactive substances from plant sources (eg, fruits, vegetables, grains, herbs, and spices) that could mimic the signaling pathways involved in some of the effects of CR and physical exercise.[@b122-cia-13-913] These dietary-derived "CR mimetics" (CRMs) and "exercise mimetics" (EMs) are phytochemicals with well-recognized antioxidant properties; however, despite some encouraging findings, the field of CRMs and EMs is still under investigation.[@b112-cia-13-913]The human gut microbiota is composed of \~10^14^ microorganisms, including bacteria, viruses, fungi, and protozoa, with a gene pool 150-fold larger than that of the host.[@b123-cia-13-913] Alterations in the gut microbiota could contribute to the etiopathogenesis of sarcopenia, because it can also influence the host physiology by modulating systemic inflammation, anabolism, insulin sensitivity, and energy production.[@b112-cia-13-913] However, malnutrition and physical inactivity may influence microbiota composition.[@b124-cia-13-913] Only one randomized controlled trial, enrolling 60 older patients, investigated the benefits on skeletal muscle outcomes of the administration of a prebiotic formulation (fructo-oligosaccharides and inulin) versus placebo for 13 weeks, showing unexpectedly that the treatment group experienced improvement in two outcomes of muscle function: exhaustion and handgrip strength.[@b125-cia-13-913] Although these data support the hypothesis of a modulation of muscle function by gut microbiota, unfortunately, no other study has explored this field to date. Nevertheless, the literature supports the possible presence of a "gut--muscle axis" and this hypothesis should be further investigated.[@b124-cia-13-913]

Testosterone
------------

Testosterone levels decline by \~1% per year from 30 years of age, and this decline is associated with a reduction in muscle mass and strength.[@b111-cia-13-913] Several studies have shown the beneficial effects of testosterone supplementation on muscle and bone tissues:[@b126-cia-13-913] in particular, it may increase muscle strength and physical performance and decrease fat mass and hospitalization in older adults.[@b111-cia-13-913] In lower doses, testosterone increases protein synthesis, thereby resulting in an increase in muscle mass,[@b127-cia-13-913] and, in high doses, testosterone activates satellite cell recruitment and reduces adipose stem cells, thus increasing myogenesis and decreasing adipogenesis.[@b111-cia-13-913] Testosterone replacement in the elderly is associated with several possible side effects, such as CVDs, fluid retention, gynecomastia, worsening of sleep apnea, polycythemia, and acceleration of benign or malignant prostatic disease.[@b128-cia-13-913],[@b129-cia-13-913] Nevertheless, among the drugs investigated for the treatment of sarcopenia, testosterone is the most effective and safest, because its adverse effects are dose-dependent and associated with very high doses of 300 and 600 mg/week.[@b111-cia-13-913],[@b126-cia-13-913] Two major trials are ongoing and could help determine the role of testosterone in the management of sarcopenia (The Testosterone Trial in Older Men and the T4DM trial).

Selective androgen receptor modulators
--------------------------------------

Dose-dependent adverse effects related to testosterone supplementation have driven the development of therapeutic agents with anabolic effects specific for skeletal muscle and bone tissues.[@b130-cia-13-913] Selective androgen receptor modulators (SARMs) are a class of androgen receptor ligands that show androgenic effects in some tissues (eg, muscle and bone) and without effects on other organs, such as the prostate or skin, thereby limiting adverse effects such as prostate growth or androgenization.[@b112-cia-13-913] Structurally, SARMs can be categorized into steroidal and nonsteroidal SARMs.[@b130-cia-13-913] Steroidal SARMs were first developed in the 1940s by modifying the chemical structure of the testosterone molecule, but they showed adverse effects similar to those of testosterone itself.[@b111-cia-13-913] The modern era of nonsteroidal SARMs has emerged due to the efforts of scientists at Ligand Pharmaceuticals and the University of Tennessee.[@b130-cia-13-913] Actually, a number of steroidal and non-steroidal SARMs have undergone Phase I--III trials.[@b92-cia-13-913] A 12-week double-blind, placebo-controlled Phase II clinical trial conducted to evaluate GTx-024 (enobosarm) in 120 healthy elderly men and postmenopausal women showed a dose-dependent improvement in total LBM and physical function and was well tolerated.[@b131-cia-13-913] Moreover, a 21-day ascending dose study of LGD-4033 (ligandrol) in healthy young men showed that the drug was well tolerated, had a favorable pharmacokinetic profile, and increased LBM and leg press strength.[@b132-cia-13-913] Another SARM, MK-773, has undergone Phase II studies in both men and women with sarcopenia. In one study enrolling women aged 65 or older with sarcopenia and frailty, the treatment with MK-0773 produced statistically significant increases in LBM compared to placebo, but no significant improvement in strength or function.[@b133-cia-13-913] Although SARMs appear to be safe and effective in increasing LBM and possibly strength and function, their effects on muscle mass and function have been modest in comparison to the effects deriving from treatment with high doses of testosterone.[@b134-cia-13-913] Trials including long-term follow-ups and/or more effective and selective SARMs are needed to demonstrate long-term safety and efficacy of SARMs in improving physical function and health outcomes.[@b133-cia-13-913]

GH/IGF-1
--------

GH administration, which produces its effects through the release of liver-derived IGF-1, increases LBM but not muscle strength in the elderly, and it is associated with a variety of side effects including joint and muscle pain, edema, carpal tunnel syndrome, and hyperglycemia.[@b135-cia-13-913] As for IGF-1 administration, a single small study in elderly subjects found an increase in side effects (ie, orthostatic hypotension, gynecomastia, myositis, and edema) and in the risk of CVDs.[@b136-cia-13-913]

Ghrelin and ghrelin receptor agonists
-------------------------------------

Ghrelin is produced from the fundus of the stomach, increasing food intake and GH secretion.[@b111-cia-13-913] Several studies involving ghrelin or ghrelin receptor agonists (ie, anamorelin and capromorelin) have shown positive effects in increasing food intake and muscle mass and function (tandem walk and stair climb).[@b2-cia-13-913] More trials are needed to establish the efficacy and safety of these agents in the long-term treatment of sarcopenia because, whereas ghrelin agonists will increase food intake and muscle mass, it is unlikely that they will produce a significant effect on function in persons with sarcopenia.

Angiotensin-converting enzyme inhibitor
---------------------------------------

Some drugs, involved in the treatment of congestive heart failure to improve functional performance and prognosis, are under investigation for skeletal muscle preservation -- in particular, angiotensin-converting enzyme inhibitors (ACE-Is).[@b2-cia-13-913] Among ACE-Is, perindopril has shown to increase physical performance, in particular 6-minute walking distance, and to reduce the incidence of hip fractures in elderly subjects.[@b111-cia-13-913] In particular, in a double-blind randomized controlled trial evaluating the effect of perindopril on the 6-minute walking distance in elderly subjects with functional impairment, perindopril improved exercise capacity, showing a degree of improvement equivalent to that reported after 6 months of exercise training.[@b137-cia-13-913] The LACE study (Leucine and ACE inhibitors in sarcopenia) will evaluate the efficacy of leucine and perindopril in elderly patients with sarcopenia from primary and secondary care services across the UK, using the difference in SPPB and DEXA between baseline and 12 months. The results will provide the overall clinical and cost-effectiveness of these novel therapies for older patients with sarcopenia.[@b138-cia-13-913]

Future therapeutic approaches
-----------------------------

Recent developments in sarcopenia therapeutic interventions have evaluated several promising agents, such as the SARM enobosarm and the ghrelin receptor agonist anamorelin, whose Phase III clinical trials have showed significant effect on increasing muscle mass in patients with sarcopenia. Given the role of the pro-inflammatory cytokines (ie, TNF- α, IL-1, IL-6) and myokines in the pathogenesis of sarcopenia, as well as anti-inflammatory agents, such as the monoclonal antibodies infliximab, tocilizumab, and bimagrumab, appear promising. However, these agents have shown significant impact on reversal of skeletal muscle loss, but have limited effect on physical function.[@b139-cia-13-913]

Another promising alternative therapeutic approach includes regenerative medicine strategies. Sarcopenia is attributable also to loss of functional contractile myofibrillar units. These findings have driven the investigation of utilizing exogenous delivery of stem/progenitor cells to stimulate myogenesis. To date, little success has been achieved by the use of different stem cells (eg, satellite cells, muscle-derived, perivascular, embryonic, and induced pluripotent stem cells) for skeletal muscle repair, in particular in preclinical studies; moreover, the clinical utility of stem-cell-based approaches show technical, economic, and regulatory difficulties.[@b140-cia-13-913] In addition, the microenvironment plays a significant role in contributing to the proliferation of stem cells and regeneration of skeletal muscle.[@b141-cia-13-913] The evidence that changing the environment of aged myogenic progenitor cells can promote skeletal muscle regeneration is supporting the investigation of extracellular matrix bioscaffolds delivered by nanovescicles as an attractive solution for the treatment of age-related muscle loss.[@b140-cia-13-913] These approaches could provide improved outcomes for patients suffering from age-related muscle loss but are still under investigation.

Conclusion
==========

Sarcopenia is a geriatric syndrome characterized by the loss of both muscle mass and strength and it is associated with a series of adverse economic and social implications, such as disability, hospitalization, and death; therefore, it is related to increased total health care expenditure. Several therapeutic strategies have been proposed according to the multifactorial pathogenesis of sarcopenia: physical exercise training, nutritional interventions, hormonal therapies (ie, androgens, SARMs, GH/IGF-1, ghrelin, and ghrelin receptor agonists), and ACE-I. Novel strategies are still under investigation and specifically involve stem cells or anti-inflammatory agents (eg, infliximab, tocilizumab). However, at the present time, only physical exercise has shown a positive effect in managing and preventing sarcopenia and its adverse health outcomes. Actually, the positive additional effect of nutritional supplementation has been reported in a limited number of studies. In fact, studies assessing the impact of a both exercise and dietary interventions are still lacking in frail and sarcopenic populations. Nevertheless, the implementation of physical exercise or nutritional strategies in community-dwelling elderly are still underused because they require trained health care professionals and special equipment that are not routinely available. Thus, further studies on these types of population should be conducted.
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![Sarcopenia assessment flowchart.\
**Note:** (\*) Body mass index (BMI)-adjusted values were used as a cutoff point to classify "Low" muscle strength (BMI ≤24 kg/m^2^, 24.1--28 kg/m^2^, and \<28 kg/m^2^ was 29 kg/m^2^, ≤30 kg/m^2^, and ≤32 kg/m^2^ for men and BMI ≤23 kg/m^2^, 23.1--26 kg/m^2^, 26.1--29 kg/m^2^, and \<29 kg/m^2^ was 17 kg/m^2^, ≤17.3 kg/m^2^, ≤18 kg/m^2^, and ≤21 kg/m^2^ for women, respectively).\
**Abbreviations:** BIA, bioelectrical impedance analysis; DEXA, dual energy X-ray absorptiometry; CT, computed tomography; MRI, magnetic resonance imaging.](cia-13-913Fig1){#f1-cia-13-913}

![Relationship between sarcopenia and frailty (see the text for details).](cia-13-913Fig2){#f2-cia-13-913}

![Sarcopenia: pathogenesis and relative therapeutic approaches.\
**Abbreviations:** NMJ, neuromuscular junction; SARMs, selective androgen receptor modulators; GH/IGF, growth hormone and insulin-like growth factor; mAbs, monoclonal antibodies.](cia-13-913Fig3){#f3-cia-13-913}

###### 

Overview of the most important biomarkers of sarcopenia

  Biomarker                               Year   Pathogenesis                                Increased   Decreased   References
  --------------------------------------- ------ ------------------------------------------- ----------- ----------- --------------------
  *Follistatin*                           2001   Muscle growth promoter                                  X           [@b142-cia-13-913]
  *Vitamin D*                             2003   Inadequate intake                                       X           [@b87-cia-13-913]
  *Hemoglobin*                            2004   Intake inadequate/underproduction                       X           [@b82-cia-13-913]
  *Bone morphogenetic proteins*           2005   Muscle growth promoter                                  X           [@b75-cia-13-913]
  *Albumin*                               2005   Intake inadequate/underproduction or lack               X           [@b83-cia-13-913]
  *Oxidized low-density lipoprotein*      2005   Pro-oxidant                                 X                       [@b92-cia-13-913]
  *Testosterone*                          2006   Muscle growth promoter                                  X           [@b80-cia-13-913]
  *Magnesium*                             2006   Inadequate intake                                       X           [@b86-cia-13-913]
  *Selenium*                              2007   Intake inadequate                                       X           [@b84-cia-13-913]
  *C--E vitamin*                          2007   Antioxidant                                             X           [@b93-cia-13-913]
  *Myostatin*                             2008   Muscle growth suppressor                    X                       [@b143-cia-13-913]
  *Insulin-like growth factor 1*          2008   Muscle growth promoter                                  X           [@b34-cia-13-913]
  *Uric acid*                             2008   Inadequate intake                                       X           [@b144-cia-13-913]
  *N-terminal type III procollagene*      2009   Muscle remodeling                                       X           [@b80-cia-13-913]
  *Leptin*                                2010   Obesity                                     X                       [@b85-cia-13-913]
  *Brain-derived neurotrophic factor*     2012   Muscle growth promoter                                  X           [@b145-cia-13-913]
  *Growth hormone*                        2012   Muscle growth promoter                                  X           [@b146-cia-13-913]
  *Interleukin 6*                         2012   Inflammation                                X                       [@b89-cia-13-913]
  *Tumor necrosis factor α*               2012   Inflammation                                            X           [@b90-cia-13-913]
  *Interleukin 1*                         2012   Inflammation                                            X           [@b90-cia-13-913]
  *Growth differentiation factor-15*      2013   Muscle growth suppressor                    X                       [@b74-cia-13-913]
  *3-methylhistidine*                     2013   Proteolysis of myofibrils                   X                       [@b147-cia-13-913]
  *Creatinine*                            2013   Muscle turnover reduction                               X           [@b148-cia-13-913]
  *Activins A and B*                      2014   Muscle growth suppressor                    X                       [@b73-cia-13-913]
  *Tumor growth factor β*                 2014   Muscle growth suppressor                    X                       [@b76-cia-13-913]
  *Skeletal muscle-specific troponin T*   2014   Contractile insufficiency                   X                       [@b149-cia-13-913]
  *Butyryl-cholinesterase*                2014   Inflammation                                            X           [@b91-cia-13-913]
  *C-terminal agrin fragment*             2014   Impairment of neuromuscular junctions       X                       [@b11-cia-13-913]
  *Dehydroepiandrosterone*                2015   Muscle growth promoter                                  X           [@b150-cia-13-913]
  *Complement protein C1q*                2015   Physical inactivity                         X                       [@b81-cia-13-913]
